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Abstract: New bounds on decaying Dark Matter (DM) are derived from the γ-ray measurements of (i) the
isotropic residual (extragalactic) background by Fermi and (ii) the Fornax galaxy cluster by H.E.S.S.. We find
that those from (i) are among the most stringent constraints currently available, for a large range of DM masses
and a variety of decay modes, excluding half-lives up to ∼1026 to few 1027 seconds. In particular, they rule out
the interpretation in terms of decaying DM of the e± spectral features in PAMELA, Fermi and H.E.S.S., unless
very conservative choices are adopted. We also discuss future prospects for CTA bounds from Fornax which,
contrary to the present H.E.S.S.constraints of (ii), may allow for an interesting improvement and may become
better than those from the current or future extragalactic Fermi data.
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1 Introduction
The possibility that Dark Matter (DM), which constitutes
most of the matter in the Universe, consists of a particle
that actually decays on a very long time scale has attract-
ed much attention lately. This is because the decay time s-
cale τdec can be taken to be ‘short’ enough that the decay
products give signals in current high energy cosmic ray ex-
periments. Namely, if τdec ≃ few · 1026 sec, decaying D-
M can be invoked to explain the excesses in the fluxes of
positrons and electrons measured by PAMELA, Fermi and
H.E.S.S., see Ref. [1] and references therein. On the other
hand, this value of τdec is so much longer than the age of
the Universe that the slow decay does not make a dent in
the overall cosmological DM abundance and does not spoil
the agreement with a number of astrophysical and cosmo-
logical observations [2].
From the phenomenological point of view, the main fea-
ture of decaying DM with respect to the ‘more tradition-
al’ annihilating DM is that it is less constrained by neu-
tral messenger probes (essentially γ-rays, but also neutri-
nos) originating from dense DM concentrations such as the
galactic center, the galactic halo or nearby galaxies. The
reason is simple and well-known: while the signal origi-
nating from annihilating DM is proportional to the square
of the DM density, for decaying DM the dependence is
on the first power; as a consequence, dense DM concentra-
tions shine above the astrophysical backgrounds if annihi-
lation is at play, but remain comparatively dim if DM is de-
caying. Decaying DM ‘wins’ instead, generally speaking,
when large volumes are considered. This is why in the fol-
lowing we will focus on targets as large as galaxy clusters
or, essentially, the whole Universe.
On the observational side, the Fermi and H.E.S.S. tele-
scopes are making unprecedented progress in the field of
γ-ray astronomy, producing measurements of many differ-
ent targets including those of interest for decaying DM. To
this aim, we will compute the predicted signal from de-
caying DM, for a variety of decay channels and compare
it to the γ-ray measurements, deriving constraints on the
decay half-life. Here, we make use of two distinct probes:
(i) The isotropic residual γ-ray flux recently measured by
Fermi [3], which now extends from about 200 MeV up to
580 GeV. (ii)The recent observation in γ-rays of the For-
nax galaxy cluster by H.E.S.S. [4] and the sensitivity of the
upcoming large ˇCerenkov Telescope Array (CTA) [?]. Our
analysis presented here benefits from the release of new da-
ta on charged cosmic rays, the inclusion of EW corrections
in all our computation of DM-generated fluxes, and an im-
proved propagation scheme for e± in the Galaxy. See Re-
f. [1] for more details.
The rest of this paper is organized as follows. In Sec. 2
we update charged CR fits. In Sec. 3 we discuss the calcu-
lation of the constraints from the isotropic residual γ-ray
flux and those from the Fornax galaxy cluster. In Sec. 5 we
present the combined results. In Sec. 6 we present our con-
clusions.
2 Update of the decaying DM fits to
charged CR anomalies
The anomalous PAMELA, Fermi and H.E.S.S. data in e+
and (e++e−) have been interpreted in terms of DM decay.
We use the following data sets: (i) PAMELA positron frac-
tion [5]; (ii) Fermi positron fraction [6]; (iii) Fermi (e+ +
e−) total flux [7], provided in the low energy (LE) and
high energy (HE) samples; (iv) H.E.S.S. (e+ + e−) total
flux [8, 9], also provided in a lower energy portion and a
higher energy one; (v) MAGIC (e+ + e−) total flux [10];
(vi) PAMELA p¯ flux [11]. We perform the fit to these data
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Fig. 1: Illustrative example (for the channel DM→ µ+µ−) of the impact on the fit and constrained regions following from
different assumptions and choices, as discussed in the text.
using the DM generated fluxes as provided in [12]. In look-
ing for the best fitting regions, we scan over the propaga-
tion parameters of charged cosmic rays and over the uncer-
tainties on the slope and normalization of the astrophysical
electron, positron and antiproton background. We have as-
sumed a NFW profile for the galactic DM halo.
Positron fraction, e+e− spectrum, antiprotron spectrum
and the isotropic γ-ray flux from the above-mentioned
datasets are fitted for various decaying channels. The typ-
ical decay time scales that are required for the global fit
are of the order of 1026 to 1027 seconds. Only ‘leptophilic’
channels allow a global fit: for the quark and gauge boson
channels, the few TeV decaying DM needed by (e++ e−)
is in conflict with p¯ data. See Ref. [1] for more details. The
impact of the new data and the improved analysis tools on
the identification of the best fit DM properties is shown in
Fig. 1 for the µ+µ− channel.
3 Isotropic γ-ray flux
The measurements in [3] by the Fermi satellite correspond
to the (maximal) residual, isotropic γ-ray flux present in
their data. Its origin can be in a variety of different phenom-
ena, both in the form of unresolved sources and in the for-
m of truly diffuse processes (see [3] and reference therein).
DM decays can also contribute to this isotropic flux, with t-
wo terms: 1) an extragalactic cosmological flux, due to the
decays at all past redshifts; 2) the residual emission from
the DM halo of our Galaxy. The former is of course truly
isotropic, at least as long as one neglects possible nearby
DM overdensities. The latter is not, but its minimum con-
stitutes an irreducible contribution to the isotropic flux. In
formulæ, the predicted differential DM flux that we com-
pare with Fermi isotropic diffuse γ-ray data is therefore
given by
dΦisotropic
dEγ
=
dΦExGal
dEγ
+ 4pi dΦGaldEγ dΩ
∣∣∣∣
minimum
(1)
The extragalactic flux is given, in terms of the Earth-
measured photon energy Eγ , by
dΦExGal
dEγ
=Γdec
ΩDM ρc,0
MDM
∫
∞
0
dz e
−τ(Eγ (z),z)
H(z)
dN
dEγ
(Eγ(z),z) ,
(2)
where Γdec = τ−1dec is the decay rate. Here the Hubble
function H(z) = H0
√
ΩM(1+ z)3 +ΩΛ, where H0 is the
present Hubble expansion rate. ΩDM, ΩM and ΩΛ are re-
spectively the DM, matter and cosmological constant ener-
gy density in units of the critical density, ρc,0. The γ-ray
spectrum dN/dEγ , at any redshift z, is the sum of two com-
ponents: (i) the high energy contribution due to the prompt
γ-ray emission from DM decays and (ii) the lower energy
contribution due to Inverse Compton Scatterings (ICS) on
CMB photons of the e+ and e− from those same decays.
Using Eq. (2), the extragalactic flux can therefore be com-
puted in terms of known quantities for any specified DM
mass MDM and decay channel. The factor e−τ(Eγ ,z) in E-
q. (2) accounts for the absorption of high energy γ-rays due
to scattering with the extragalactic UV background light.
The flux from the galactic halo, coming from a generic
direction dΩ, is given by the well known expression
dΦGal
dEγ dΩ
=
1
4pi
Γdec
MDM
∫
los
dsρhalo[r(s,ψ)]
dN
dEγ
, (3)
i.e. as the integral of the decaying DM density piling up
along the line of sight (los) individuated by the direction
dΩ. ρhalo is the DM distribution in the Milky Way, for
which we take a standard NFW [13] profile
ρNFW(r) = ρs
rs
r
(
1+ r
rs
)−2
, (4)
with parameters rs = 24.42 kpc and ρs = 0.184 GeV/cm3 [12].
The coordinate r, centered on the GC, reads r(s,ψ) = (r2⊙+
s2 − 2r⊙ scosψ)1/2, where r⊙ = 8.33 kpc and ψ is the
angle between the direction of observation in the sky and
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the GC. As indicated in Eq. (1), we need to determine the
minimum of the flux in Eq. (3). We choose to locate the
minimum always at the anti-GC.
dΦisotropic/dEγ is compare with the Fermi data of [3].
The DM signal does not agree in shape with the data,
which are instead well fit by a simple power law [3], and
we are driven to derive constraints on the maximum DM
signal, and therefore the minimum τdec, admitted by the
data.
There are however several possible ways to compute
such constraints. Our procedure uses ‘DM signal + power-
law background’ to obtain the fiducial constraints shown
in Fig. 1. This procedure is ‘fiducial’ also in the sense that
it matches the analysis we do for charged CR anomalies
(see Sec. 2) and therefore fit regions and constraints are es-
sentially consistent with each other in Fig. 2. For discus-
sion on this procedure and alternative ones, see [1].
4 Fornax cluster γ-ray flux
Galaxy clusters are the largest gravitationally bound struc-
tures in the universe, 80% of their total mass being in the
form of DM. Although they are located at much larger dis-
tances than other popular targets such as dwarf satellites of
the Milky Way, they turn out to be attractive environments
to search for DM due to their predicted high DM luminos-
ity. A few galaxy clusters have been observed by H.E.S.S.:
the most attractive of them for DM searches is Fornax [4].
The predicted DM γ-ray flux from Fornax can be easily
obtained by integrating Eq.(3) over the observational solid
angle ∆Ω, and replacing ρhalo with ρFornax. Various DM ha-
lo models for Fornax have been considered in [4] and vary-
ing over these profiles, the difference in the flux factor is
less than a factor of 3 for a given opening integration angle.
We take as ‘fiducial’ the X-ray based determination of the
DM profile, hereafter referred to as the RB02 profile [4].
Decaying DM searches largely benefit from an opti-
mization of the opening angle to guarantee the highest
signal-to-noise ratio. As it is straightforward from Eq.(3),
the luminosity scales with the size of the solid integration
angle. On the other hand, background is increasing as well.
We find that the optimization of the signal-to-noise ratio
for the RB02 profile yields a solid angle of ∆Ω = 2.4×
10−4 sr.
In order to extract exclusion limits on the DM lifetime
from γ-ray astronomical observation with IACTs, the back-
ground needs to be determined to constrain the decaying
DM luminosity. The background is calculated in a region
referred to as the OFF region, and the signal region as the
ON region. Both ON and OFF regions depend on the ob-
servation mode and are specific to the IACT instrument.
As for the background level, it is taken simultaneously, i.e.
in the same data-taking observing conditions, to the signal
events in order to allow for the most accurate estimate in
the so-called template method procedure [4]. H.E.S.S. has
observed Fornax for a total of 14.5 hours at low zenith an-
gle to allow for best sensitivity to low DM masses.
5 Results and discussion
Figure 2 presents the exclusion plots for b¯b and τ+τ−
channels. One can see that the constraints from the Fermi
isotropic γ-ray data exclude decaying DM with a lifetime
of a few ×1027 seconds. They rule out the charged CR fit
regions for the b¯b channel. As illustrated in the example
in Fig. 1, adopting the more conservative constraint proce-
dure may marginally reallow a portion of the fit regions,
for the DM→ µ+µ−, but leaving a clear tension. Keeping
only data published in 2010 in [14] still allows to exclude
the CR fit regions. The constraints from Fermi rise gently
as a function of the mass, essentially as a consequence of
the fact that the measured flux rapidly decreases with ener-
gy. They also depend (mildly, a factor of a few at most) on
the decay channel [1]. The constraints from H.E.S.S. For-
nax remain subdominant, roughly one order of magnitude
below the Fermi ones. However, for the case of the DM
→ τ+τ− channel, the bound also reaches the CR fit region
and essentially confirms the exclusion (Fig. 2). They do
not look competitive with respect to Fermi even for larger
masses.
With respect to the isotropic γ-ray constraints of [15],
the bounds derived here are stronger by a factor of 2 to 3.
The reasons of this essentially amount to: updated datasets,
more refined DM analyses and the adoption of a more real-
istic constraint procedure. With respect to the work in [16],
our constraints from the Fermi isotropic background are
somewhat stronger than their corresponding ones. In ad-
dition, [16] presents bounds from the observation of the
Fornax cluster by Fermi: these are less stringent than our
Fermi isotropic background constraints but more power-
ful than our H.E.S.S.-based constraints at moderate mass-
es. At the largest masses, our H.E.S.S.-based constraints
pick up and match theirs (for the b¯b channel).The bound-
s from clusters other than Fornax are less powerful, ac-
cording to [16]. On the other hand, the preliminary con-
straints shown (for the b¯b channel only) in [17], obtained
with a combination of several clusters in Fermi, exceed our
bounds by a factor of 2. Bounds from probes other than
the isotropic flux and clusters do not generally achieve the
same constraining power.
Within the context of observations performed by IACT,
we note that the decay lifetime constraints obtained with
galaxy clusters are stronger than those from dwarf galax-
ies. Even for the ultra-faint dwarf galaxy Segue 1, which
is believed to be the most promising dwarf in the northern
hemisphere, the constraints are 2 orders of magnitude high-
er for a DM particle mass of 1 TeV [18]. We also estimate
that the constraints that we derive are stronger than those
that can come from neutrino observation by Icecube of the
Galactic Center (see for instance [19]). In summary: with
the possible exception of the preliminary bounds from a
combination of clusters by Fermi for the b¯b channel, the
constraints that we derive from the isotropic γ-ray flux are
the most stringent to date.
Currently the constraints on decaying DM from the
Fermi satellite are dominant with respect to those from
H.E.S.S.. However, while the former may increase its s-
tatistics by at most a factor of a few, for the latter there
are prospects of developments in the mid-term future. The
next-generation IACT will be a large array composed of a
few tens to a hundred telescopes [20]. The goal is to im-
prove the overall performances of the present generation:
one order-of-magnitude increase in sensitivity and enlarge
the accessible energy range both towards the lower and
higher energies allowing for an energy threshold down to
a few tens of GeV. From the actual design study of CTA,
the effective area will be increased by a factor ∼10 and a
factor 2 better in the hadron rejection is expected. The cal-
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Fig. 2: The regions on the parameter space MDM - τdec that are excluded by the Fermi and H.E.S.S. constraints and that can
be explored by CTA, together with the regions of the global fit to the charged CR data, for b¯b and τ+τ− decay channels.
culation of 95% C.L. CTA sensitivity is detailed in [1] and
given by
Γ95%C.L.dec =
4pi∫
∆Ω dΩ
∫
los dsρFornax[r(s,ψ)]
×
MDM N95%C.L.γ
Tobs
∫MDM/2
0 ACTA(Eγ)
dN
dEγ (Eγ)dEγ
,
where N95%C.L.γ is the limit on the number of γ-ray events,
ACTA is the CTA effective area and Tobs the observation
time. Figure 2 shows the 95% C.L. sensitivity of CTA on
the decay lifetime for the RB02 halo profile for 50h obser-
vation time and ∆Ω = 2.4× 10−4 sr. To conclude, we also
mention that a technique which could allow for significant
improvements in the exploration of the parameter space of
decaying DM using clusters is the one of stacking the ob-
servation of a large number of different clusters, as recent-
ly discussed in [21]. The authors find that improvements of
up to 100 can be theoretically achieved, albeit this factor is
∼5 for more realistic background-limited instruments.
6 Conclusions
Decaying DM has come to the front stage recently as an
explanation, alternative to annihilating DM, for the anoma-
lies in CR cosmic rays in PAMELA, Fermi and H.E.S.S..
But, more generally, decaying DM is a viable possibility
that is or can naturally be embedded in many DM models.
It is therefore interesting to explore its parameter space in
the light of the recent observational results. We discussed
the constraints which originate from the measurement of
the isotropic γ-ray background by Fermi and of the Fornax
cluster by H.E.S.S., for a number of decaying channels and
over a range of DM masses from 100 GeV to 30 TeV. We
improved the analysis over previous work by using more
recent data and updated computational tools. We found
that the constraints by Fermi rule out decaying half-lives
of the order of 1026 to few 1027 seconds. These therefore
exclude the decaying DM interpretation of the charged CR
anomalies, for all 2-body channels, at least adopting our
fiducial constraint procedure. The constraints by H.E.S.S.
are generally subdominant. For the DM → τ+τ− channel,
they can however also probe the CR fit regions and essen-
tially confirm the exclusion. With one possible exception
for the DM → b¯b channel, the constraints that we derive
from the isotropic γ-ray flux are the most stringent to date.
We also discussed the prospects for the future ˇCerenkov
telescope CTA, which will be able to probe an even larger
portion of the parameter space.
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